Confocal laser-scanning microscopy is a well-known optical imaging method where a pinhole is used in the illumination and detection pathways of a normal microscope, in order to selectively excite and detect a particular focal volume. The advantage of this method is a significant increase in contrast, due to the rejection of background contributions to the signal. Here, we propose to apply this method in the context of multimode fiber endoscopy. Due to modal scrambling, it is not possible to use a physical pinhole to filter light signals that have travel through multimode fibers. Instead, we use a transmission matrix approach to characterize the propagation of light through the fiber, and we apply the filtering operation in the digital domain.
INTRODUCTION
Classical endoscopes use relay optics or electronic sensors to capture images from within the body. Typically, the outer diameter of these devices is a few millimeters. For some applications, which require minimal invasiveness, this may be too large. A further reduction in size can be obtained by the use of fiber bundles, where many fiber cores are arranged in a regular grid within a common cladding. Fiber bundles offer a smaller size, between 500µm and 1mm. However, the fiber cores have to maintain a minimal spacing in order to avoid cross-talk between the cores, thereby limiting the achievable resolution. Recently, another approach has been suggested where multimode fibers are used for imaging instead. Light travelling through multimode fibers is subject to modal dispersion and mixing. While these processes scramble the light fields as they propagate from the input to the output of the fiber, they do preserve the information contained within the fields. This information can be recovered if the transmission characteristics of the fiber have been calibrated in a prior step. Based on this principle, several demonstrations of imaging through multimode fibers have been published, including transmission [3] , fluorescence [1, 4] and reflection imaging [2] . The advantages of multimode fiber imaging are that diffraction-limited resolution can be obtained over the whole surface of the fiber core, and the outer diameter is as small as the fiber itself, i.e. a few hundred microns. The effective field of view depends on size of the fiber core and the distance between the fiber tip and the image plane. One disadvantage of using multimode fibers is the bending sensitivity: as the geometrical configuration of the fiber changes, the transmission characteristics change as well. There exists a certain tolerance to bending though [2] , and for in-vivo procedures the fiber could be immobilized in a needle [1] [2] [3] [4] . Some approaches have been suggested to extend the range of flexibility of the fiber. For example, a finite number of bending states can be calibrated, and the current bending state can be deduced using a holographic beacon approach [9] . Here, we propose to implement confocal laser-scanning microscopy via a multimode fiber using a transmission matrix approach. The transmission matrix is used to undo the scrambling due to the waveguide. The pinhole filtering operation needed for confocal microscopy is then implemented digitally. Note that due to the coherence of the light that is required for holography, we are considering here only the case of reflection-mode (non-fluorescent) confocal microscopy. done by projecting several linearly independent input patterns on the proximal facet of the fiber, and recording the corresponding distal outputs holographically [5] .
METHOD

Transmission Matrix Measurement
The input patterns are created by a phase-only spatial light modulator (HoloEye Pluto) and are projected onto the proximal facet by a microscope system (consisting of a Newport MV-40x microscope objective and an f=250mm lens). Likewise, the distal output patterns are magnified by a microscope system and then recorded by digital holography. Once the input-output relation of the fiber has been measured, arbitrary patterns can be transmitted through it.
The experimental setup is shown in Figure 1 . Light from a 532nm continuous wave laser (CNI MSL-FN-532-100mW) passes successively through a variable attenuator (VA), a half-wave plate (λ/2), a beam expander (lenses L1 and L2), and a spatial filter (objective OBJ1 and pinhole P), after which it is collimated by a lens (L3). Then, a polarizing beamsplitter splits the light towards each side of a multimode fiber (Thorlabs M43L01, Ø105 µm core, 0.22 NA, FC-APC). The halfwave plate and the polarizing beamsplitter allow adjusting the amount of light sent to each arm. A second half-wave plate ensures that the polarization is the same in both arms. On both sides of the fiber, a camera (PhotonFocus MV1-D1312(IE)-G2-100) records light fields coming out of the fiber through a magnifying system (L4/L5 and OBJ2/OBJ3) and a beamsplitter. The collimated beam coming through the other port of the beamsplitter is tilted slightly in angle, to serve as a reference for off-axis holography with the cameras. On one side of the fiber, there is in addition a phase-only spatial light modulator (HoloEye Pluto) that reflects part of the reference beam via the beamsplitter towards the multimode fiber. It can be used to send controlled input patterns to the multimode fiber. We will use the term "proximal side" to refer to the side of the fiber with the spatial light modulator. The other side is called the "distal side"; this is the side of the fiber that we wish to use to image samples. 
Off-axis holography
For the transmission matrix formalism to be applicable, one has to measure both the phase and amplitude of the optical fields propagating through the fiber. Therefore, a holographic method is required. In literature, this has previously been accomplished with either phase-shifting technique or off-axis holography. In our implementation, we favored the offaxis holography approach since it is the most economical in terms of measurements: only one camera acquisition is necessary to get the phase and amplitude distribution of a light field, while phase shifting requires two or more depending on the particular implementation.
Confocal detection is achieved in three steps. First, the transmission characteristics of the fiber are measured. This is -,,:rXi 
Fourier-domain transmission matrix
In our experiments, the acquired hologram and its reconstruction have a resolution of 800 by 800 pixels. On one hand, this high resolution is desirable because it allows a sufficient separation distance between the terms in the Fourier transform of the off-axis hologram; it also leads to an optimal usage of the camera's sensor, reducing sampling artefacts.
On the other hand, this resolution is too high for a transmission matrix. Indeed, with fields of 800 by 800 elements on both sides of the fiber, the matrix would require computation and storage of 800 2 by 800 2 elements, i.e. multiple terabytes of data.
A simple way around this problem is to build the matrix not with the field values on each side of the fiber, but directly with the Fourier coefficients of the real image in the off-axis hologram. The advantage is double. First, as evidenced by Figure 2 (b), this set of coefficients is a sparse representation of the fiber's optical field. Indeed, since each Fourier coefficient corresponds to a plane wave with a definite spatial frequency or angle with the optical axis, only coefficients within the acceptance angle of the fiber can be nonzero. For a fiber with a 105µm core and a measured NA of 0.23 at 532nm, we found that approximately 7800 Fourier coefficients are needed to describe each side of the fiber in one polarization (while the fiber supports about 5100 modes per polarization at this wavelength). The result is that the matrix can be built with only 7800 by 7800 elements, i.e. a few hundred megabytes of data, which is easily manageable on a modern computer. The second advantage is that this process skips the inverse Fourier transform required to reconstruct the optical field from the off-axis hologram, leading to lower computational demands.
The transmission matrix can be measured by applying the input basis vectors one by one at the input of the fiber (i.e. sequentially turn every 'Fourier pixel' on), and recording the corresponding output fields on the other side of the fiber. Each such input-output measurement fills one column of the transmission matrix.
Phase drift tracking
One inconvenient aspect of interferometric measurements is that they are very sensitive to environmental perturbations such as temperature changes and vibrations. Over time, the relative phase between the reference beam (plane wave) and the object beam (output of the fiber) can drift. Unfortunately, we need that all basis vectors are measured with respect to the same phase reference; otherwise they cannot be used coherently with each other in the transmission matrix. Other perturbations such as wavelength shifts or mechanical instabilities can modify the coupling and propagation of the light through the fiber. As a result, the field distribution at the output of the fiber may also change (both in amplitude and in phase) even though a constant input is displayed on the spatial light modulator, greatly affecting the measurement.
To quantify the effect of drifts and instabilities in our system, we introduce the complex correlation coefficient, Time [min] where and are vectors with elements and denotes the complex conjugate of . The complex correlation coefficient is a straightforward extension of the linear correlation coefficient in statistics to complex numbers: its magnitude estimates the degree of linear similarity between two datasets, and its phase estimates the overall phase rotation 14 . Because of Plancherel's theorem, it has the same value whether it is calculated from the complex field values or from the Fourier coefficients. Figure 3 shows the typical behavior of the correlation coefficient over a time period of 10 minutes in our system. A constant input field is fed to the fiber and the output field is monitored. At each point in time, the current output field is correlated with the first measured output field in the sequence. As evidenced by Figure 3(a) , the magnitude of the correlation coefficient remains very close to 1. Figure 3(b) shows that the phase varies slowly over time, with an average rate of 72° per minute in this experiment.
(a) (b) Figure 3 : Correlation coefficient (a) amplitude and (b) phase over time.
Decorrelation (i.e. a decrease in ) cannot easily be fixed in post-processing, and should be limited as much as possible. For this, we found that it was necessary to wait for the laser and the spatial light modulator 15 to reach thermal equilibrium.
To eliminate the remaining phase drift in transmission matrix measurements, a post-compensation scheme was used. Instead of measuring the output field for every input vector in a sequence, we inserted a constant reference input after one out of every 2 input vectors. Each of the corresponding reference output measurement was then correlated with the first reference output measurement, as before. Then, the correlation coefficient was interpolated (cubic spline interpolation) to estimate the phase drift in the time intervals between each of the reference measurements. Finally, this information was used to correct the output measurements. In recent literature, phase drift has been mitigated by similar phase correction schemes or by using co-propagating reference fields.
Confocal filtering
In a second step, it is possible to scan a focused spot of light over a sample area that is located at the distal tip of the fiber. This represents the laser-scanning step for confocal microscopy. Finally, for each projected spot, the light returning through the fiber is recorded in the proximal end. The transmission matrix is then used to decode this proximal field and reconstruct the distal field from it at the location of the sample. Once this distal field is reconstructed, it is filtered with a virtual pinhole mask. This is shown in Fig. 4 . This filtering operation is equivalent to the one found in classical confocal microscopy, except the light is processed digitally. A further discussion of the digital implementation of confocal microscopy can be found in literature. 
RESULTS AND DISCUSSION
The method was tested on a sample consisting of an epithelial cell dried on a cover glass. The results are shown in Fig. 5 , where (a) is the image obtained without pinhole filtering and (b) with the pinhole. As demonstrated in Fig. 5 , a significant increase in contrast is obtained with the digital pinhole. propagating forward through the fiber (towards the sample) and for light propagating backwards (back to the measurement apparatus). The pinhole filtering operation that is required to obtain background suppression in confocal microscopy is implemented digitally here. We made a proof-of-concept demonstration using an epithelial cell dried on a cover glass, and we were able to obtain a substantial improvement in contrast using the digital pinhole. Further research will address questions of speed and sectioning capabilities in thick samples.
CONCLUSION AND OUTLOOK
We presented a method to obtain reflection-mode confocal images via a multimode fiber. The system works by measuring the transmission matrix of a multimode fiber, and using it to compensate modal distortions both for light
